The large diameter-thickness-ratio KDP crystals are the main optical element in Inertial Confinement Fusion (ICF) device to realize the harmonic generation, thus they need to maintain high quality surface figure, and therefore, research on the influence of force environment (including clamping force and gravity) on harmonic loss is quite necessary. In this paper, grinding mount surface topography is simulated by the fractal theory; contact and clamp FEM model is established; four parameters are proposed to present non-uniform clamping force; the mathematical model between crystal mechanical performance and the harmonic loss is established; and finally the impact of clamping force and gravity on the harmonic loss is obtained. The calculation results have guiding significance on the design of clamping force magnitude and configuration and crystal working gesture.
Introduction
With the continuous development of high-power laser technology, in order to obtain a higher peak power and beam quality, the diameter-thickness-ratio of optics in ICF systems is gradually increasing, resulting in the sensitivity of surface figure and stress state of optics to external factors, which directly affect the laser beam quality and the frequency conversion efficiency [1] .
Researchers have conducted a number of mount configuration designs and simulation analyses. Barker et al. [2] designed three kinds of mount structure finite element models of sides and corners, and then calculated the surface distortion of the crystal in different model configurations. Auerbach et al. [3] built a mathematical model between KDP crystal optical performance and mechanical performance, then analyzed and calculated the impact of mount structure on the optical properties of crystal. Su et al. [4] analyzed the impact of clamping force on crystal optical effect under non-ideal mount surface condition, and calculated the crystal surface distortion in a variety of mount configurations. The author of this paper analyzed the impact of mount surface multi-frequency topography on the harmonic loss in the former study.
The mount surface that contact to the crystal is non-ideal topography actually, which causing surface deformation and stress field change of the crystal, resulting in the harmonic loss [5] . Two modeling methods to achieve the mount surface topography are usually used in the present studies: random generation method [4] and practical measurement method [5] , the former has much difference with the actual morphology; and the latter cannot reflect the statistical figure of the actual morphology. In this paper, the surface that is both similar to the actual one and consistent with the statistical figure can be well obtained by using fractal theory.
Mechanical and Optical Configuration
In ICF Devices, FOA has different working gestures, i.e. a variety of angles with the vertical direction, making the gravity sink of KDP crystals inevitable; moreover, the four narrow edges of the crystal is the only region that can be applied, and they decide the mechanical performance of KDP crystal, therefore, the control of crystal surface figure is extremely difficult. The crystal clamping configuration is shown in Fig. 1 .
Fig. 1 Crystal clamping structure configuration
The main function of KDP crystal is to convert the frequency of laser, including SHG effect and THG effect, which relate to the mechanical performance of KDP crystal. The algorithm for SHG and THG is similar, thus only SHG is calculated in this paper.
Fractal Simulation of Grinding Surface Topography
As a mathematical model of fractal theory, Mid-Point Displacement (MPD) model is applied herein. In two-dimensional MPD (2D-MPD) method, displace the elevation of the segment midpoint in each iteration until it satisfies the desired spatial resolution. In 2D-MPD algorithm, displacement of the midpoint elevation is:
where δ n ∈N(0,∆ n 2 )，i.e. follow the Gaussian distribution, in which
where D is the fractal dimension, which generally negative relevant to machined surface roughness; σ is standard deviation, which represents the fluctuation situation of the surface topography. Moreover, 3D topography simulation need Three-dimensional MPD (3D-MPD) method, which substantially obeys the above constructed formula, however, the algorithm at the singular points is the average of four neighboring points plus the Gaussian variable, as shown in Fig. 2 (a). For grinding surface, the approximate conversion formula between fractal dimension (D) and roughness average Ra (µm) is: D=1.528Ra -0.042 . Ra is defined as 0.40 µm herein，therefore D is 1.59. Standard deviation (σ) is the Root Mean Square (RMS) of the surface, defined as 1.00 µm, applying the iterative algorithm by 15 iterative times, resulting in points with neighboring distance 13.1 µm. The 3D topography obtained by calculation is as shown in Fig. 2 Manufacturing Automation Technology and System I
FEM Modeling
Material Property Configuration. The stiffness matrix D of KDP in the orthogonal plane can be obtained from reference [4] . In the double optical configuration, KDP crystal is not in the orthogonal plane, therefore stiffness matrix should be changed into D m , which can be obtained by rotating the material coordinate system in ANSYS. Properties of materials required herein including frame material 2Cr13 are shown in Table 1 . Contact Analysis Calculation Setting. The contact pair herein is between the crystal and the frame. TARGE170 element is applied to target area for crystal frame mount surface; CONTA174 element is applied to contact area for crystal contact region. The contact stiffness of contact pair is 0.02, and the friction coefficient is defined as 0.15. In the setting, full Newton-Raphson method with line search is selected; gap/reduce penetration with auto contact surface offset is closed; automatic time stepping and nonlinear analysis predictor are activated.
Geometric Modeling. The crystal is built as a 430*430*12.5mm cube, while the frame is 430*430*10mm cube with 420*420*10mm window inside. The frame mount surface is built by Bottom-up Modeling method, and the elevation is obtained from the simulation result in Fig. 2(b) .
FEM Modeling. The FEM model of contact and mount configuration is shown in Fig.3 . The element type of both crystal and frame is SOLID186, with 45556 elements and 216755 nodes in total. Crystal is divided by 5 layers in the thickness direction, including two regions: a. non-contact region, which is square and divided by 84 at each edge; b. contact region, which is square ring and divided by 84 of inner ring while 94 of outer ring. Crystal frame is divided by 2 layers in the thickness direction, which is square ring and divided by 84 of inner ring while 88 of outer ring.
Fig. 3 Global FEM model of contact and mount configuration
Boundaries. Crystal frame bottom is fully constrained, while surfaces vertical to x-axis are y displacement constrained and surfaces vertical to y-axis are x displacement constrained. Uniform force of 1kN on the crystal mount surface to the -z direction is applied. Three gravity situations G0, G1 and G2(represent no gravity, 0º and 45º gravity to z direction respectively) are applied.
Non-uniform Force Representation
The clamping force cannot be uniform perfectly in the engineering condition; therefore, 4 parameters are proposed to represent the non-uniform clamping force: duty ration, spatial frequency, Key Engineering Materials Vol. 620 standard deviation, and functional range. The study on the 4 parameters will represent the study on the non-uniform clamping force in the FEM model.
Harmonic Loss Mathematic Model
The relation between harmonic loss ratio r hl and phase mismatch ∆K can be expressed as: r hl =sinc 2 (∆KL/2), where: L represents the thickness of the crystal, L=12.5 mm.
Effect of Surface Deformation on Phase Mismatch. The incident surface deformation on crystal will cause the change of the unified slope angle at point (x, y):
where z i+l and z i-l (i=x, y) is the z displacement of the neighboring points; l is the distance between one point and (x, y). The relation between unified slope angle and the incident angle is:
where ∆γ is the variation of incident angle γ; θ m and φ is the phase-matching angle and azimuthal angle of SHG-KDP, θ m =41.19º, φ=45º. The phase mismatch initiated by the change of incident angle can be expressed as [4]:
where λ 2 =526.5 nm is the wavelength of second-harmonic laser. n o (ω) is the ordinary ray absolute refractive index, and n e (ω) is the extraordinary ray absolute refractive index. Tab. 8 of bibliography [6] noted the ordinary and extraordinary ray refractive index of KDP, wavelength from 200 nm to 2 µm with 200 nm gap. Herein, ray refractive indexes of required wavelength are obtained by spline interpolation method, as shown in Table 2 . Effect of Stress Field on Phase Mismatch. The existence of stress field will lead to photo-elastic effect, resulting in the change of dielectric constant tensor B ij . The relation of B ij and the stress σ ij can be obtained from reference [6] . The change of dielectric constant tensor will affect the refractive index of o and e axes, which can be expressed as: 
where ∆B ij is the variation of dielectric constant tensor B ij ; ∆n o and ∆n e is the variation of ordinary index and extraordinary index respectively. As to SHG crystal, the relation between phase mismatch and the refractive index is as follows: Effects on Mechanical Performance. Fig. 5 shows the impact of uniform clamping force magnitude on the crystal mechanical performance under three gravity situations G0, G1 and G2, including surface deformation in Fig. 5 (a) and stress field in Fig. 5 (b) . As illustrated in Fig. 5 (a) , the surface deformation increase as the clamping force increase under no gravity situation; however, the surface deformation decrease as the force increase under gravity situation. As illustrated in Fig.  5 (b) , the stress field increases as the clamping forces increase, this is unrelated to the gravity.
Effects on Harmonic Loss. Fig. 6 shows the impact of uniform clamping force magnitude on the crystal harmonic loss under three gravity situations G0, G1 and G2, including surface-deformation-initiated and stress-field-initiated harmonic loss. As illustrated in the figure, the harmonic loss increase as the clamping force increase under no gravity situation; however, the harmonic loss decrease as the clamping force increase under gravity situation. Moreover, the loss under G1 situation is larger than that of G2 situation; and the figure illustrates that gravity can suppress the loss caused by the mount surface topography to some degree.
The result shows that，under G2 situation (actual gravity situation), when PV of mount surface is 4.5 µm, uniform clamping force should be larger than 1 kN if the loss is required less than 2%. When the angle between gravity and optical axis increases, the harmonic loss decreases. Effects of Non-uniform Clamping Force. The effect of non-uniform clamping force on the harmonic loss is shown in Fig. 7 , including the effect of 4 parameters respectively. As the duty ratio increase in (a), the harmonic loss increase by small margin. As the duty ratio increase in (b), the contact area increase, and the surface-deformation-initiated harmonic loss decrease, and the stress-field-initiated harmonic loss increase, the total loss keep constant as 2.06%. As standard deviation increase in (c), both kinds of loss increase by small margin. As functional range increase in (d), the surface-deformation-initiated harmonic loss decrease, the stress-field-initiated harmonic loss increase, the total loss increase.
Generally speaking, (a)the duty ratio larger, (b)the spatial frequency larger, (c)the standard deviation less, (d)the functional range less; the easier to control the harmonic loss. This result demand the designer of crystal mount structure keep the force functional points concentrated and distributed, and grantee the force magnitude as uniform as possible. 
Conclusion
In this paper, grinding mount surface morphology was simulated by the fractal theory; contact and clamp FEM models were established; four parameters are proposed to present non-uniform clamping force; the mathematical model between crystal mechanical performance and the harmonic loss was established; and finally the impact of clamping force and gravity on the harmonic loss was obtained. The calculation results show that : (a)under G2 situation (actual gravity situation ), when PV of mount surface is 4.5 µm, uniform clamping force should be larger than 1 kN if the loss is required less than 2%; (b)the force functional points should be concentrated and distributed, and the force magnitude should be uniform. Therefore this study including many detailed conclusions has guiding significance on the design of clamping force magnitude and configuration and crystal working gesture.
